Aims/hypothesis. Human islet cells survive poorly in culture and are overgrown by non-endocrine cells. The aims of this study were to sort human beta cells and to develop approaches for their improved survival in culture. Methods. Human islets were infected with recombinant adenovirus expressing green fluorescent protein (GFP) under the control of the rat insulin promoter such that only beta cells expressed GFP. GFP-positive beta cells were sorted by flow cytometry, and expression of select integrins evaluated by RT-PCR. Beta cells were cultured on different extracellular matrices for up to 15 days. Apoptosis was measured by annexin V binding and ELISA. Insulin secretion was measured by ELISA. Results. Sorted beta cells survived less well in culture than unsorted islet cells. This did not appear to be due to adenoviral infection and/or GFP expression. Purified beta cells expressed the integrins α3, α5, α6, αV, β1, but not β4. Of the various matrices tested, sorted beta cells attached and spread best on a lawn of lysed human bladder carcinoma cells (5637 cells). However, survival remained poor. Cell death was decreased but not prevented by continued presence of 10 mmol/l nicotinamide and apoptosis decreased by 24 h incubation with 20 µmol/l Z-VAD. Insulin secretion was maintained over 6 days following treatment with both agents. Conclusions/interpretation. Purification of human beta cells induces marked apoptosis limiting their function and survival in vitro. This was improved by matching the extracellular matrix to the specific expression of integrins and by addition of nicotinamide and Z-VAD. [Diabetologia (2002) 45:841-850] 
their transplantation, even if only for short periods. We described recently a method to purify human adult beta cells, using an adenovirus expressing the green fluorescent protein under control of the rat insulin promoter with subsequent fluorescence activated cell sorting [10] . Such purified beta cells might be of value as starting material in the attempt to develop lines of human beta cells by conditional transformation. Absence of contaminating non-beta-cells would also allow for detailed characterization of beta-cell-specific molecules possibly implicated in long-term maintenance of differentiated function, a prerequisite for successful transplantation or cell replacement therapy of diabetes. However, this will depend upon the ability of these cells to survive in culture. Collagenase digestion of the pancreas to isolate islets [11] , and their subsequent dispersion into a single cell preparation [10] involves disruption of cell-cell and cell-extracellular matrix contacts. Such disengagement of cell adhesion molecules and of integrin receptors for elements of the matrix is known to result in perturbation of differentiated function of rodent beta cells [12] and to prejudice cell survival [13] , notably by inducing apoptosis and necrosis [14, 15, 16] , as well as a loss of function [17] . Reestablishment of appropriate cell to matrix contacts reduces apoptotic signals [18] .
This study aimed to improve the survival of adult human beta cells in culture. Modifications to standard culture conditions were made on the basis of an improved match between integrins expressed by such cells and the extracellular matrix. Moreover, addition of select factors known to limit apoptosis, or promote cell differentiation, was evaluated for improving survival of purified beta cells in culture.
Materials and methods
Isolation of human islets. Pancreases were harvested from different multi-organ cadaveric donors (20-65 years of age) after hypothermic perfusion through the abdominal aorta and the inferior mesenteric vein, and stored in University of Wisconsin solution (UW) (DuPont Pharma, Bad Homburg, Germany) at 4°C in a temperature self-regulated organ transport system (HUG-box; Safetherm, Geneva, Switzerland). Mean cold ischaemia time before the isolation procedure was 6 h (range 4-8 h).
Islets were isolated by a modified semi-automated method as described in detail previously [1, 19] . Briefly, the pancreas was cleaned from the surrounding fat and fibrotic tissues. It was then canulated and injected with 250 ml warm (30°C) Hank's solution containing 2 mg/ml Liberase (Liberase-HI, Roche, Basel, Switzerland). The distended pancreas was placed in the digestion chamber, which was warmed at 37°C, using an electronic controlled heating system. The chamber was shaken and gently agitated during the digestion. Samples were taken regularly and the digestion was stopped according to the appearance of free islets in samples, the amount of digested tissue and on the macroscopic digestion status of the organ. The digestion was stopped using cold (4°C) Hanks' solution containing 5% newborn calf serum (Seromed, Berlin, Germany) injected into the circulating system. Tissue was collected and centrifuged for 1 min at 256×g. The pellet was resuspended in UW solution at 4°C and the islets were purified by a discontinuous Euro-Ficoll gradient (Sigma, St-Louis, Mo., USA) on 1.108 (bottom layer), 1.096, 1.037, 1.006 (top layer) densities on a cell separator (Cobe 2991, Cobe, Lakewood, Co., USA). Islets were cultured in non-adherent culture flasks (Gibco, Paisley, Scotland) in Connaught Medical Research Laboratory culture medium (CMRL 1066, Sigma) supplemented with 10% fetal calf serum (Gibco), 1% glutamine (Merck, Darmstadt, Germany), 1% HEPES, penicillin and streptomycin (Sigma) (hereafter referred as CMRL) and incubated at 24°C for 24 h.
Islets from 40 isolations were used for the various experiments described. The mean age of the patients was 47.2 years (range 22-66), with 33% women (n=13) and 67% men (n=27). Islet purity was baded on staining with dithizone. The purity was 80.1±2.5% (mean ± SE, n=40). The range of purity was 40-95% with only six preparations with a purity of less than 70%.
Dissociation of islets and infection of islets cells with recombinant adenovirus.
After 24-h incubation, islets were washed twice with phosphate-buffered saline without Mg 2+ /Ca 2+ (PBS -) and resuspended in 2 ml of enzyme-free "dissociation buffer" (C-5789, Sigma), with frequent pipetting through a 1 ml plastic tip. The dispersed cells and small remaining clusters obtained at this stage, were pooled, washed once with CMRL medium and (when indicated) resuspended in this same medium supplemented with 10 mmol/l nicotinamide at a concentration of 10 6 cells/ml.
Recombinant adenovirus expressing green fluorescent protein (GFP) under the control of the rat insulin promotor (RIP) was prepared as described in detail previously. Virus titre was defined and used as discussed earlier [10] . The cell preparation was then incubated for 90 min at 37°C with the virus (Ad-RIP-GFP). After washing, the infected cells were cultured in nonadherent plastic dishes for 48 h to 72 h. GFP expression was assessed by inverted fluorescence microscopy. Dissociated islets were also infected by CMV-βGal and CMV-GFP adenoviruses, to assess whether GFP or adenoviral infection in itself was deleterious for human beta cells. After 96 h of incubation, these dissociated islet cells were fixed in 4% paraformaldehyde for TUNEL/insulin immunostaining or lysed for quantification of apoptosis by ELISA as described below.
Fluorescence-activated cell sorting (FACS) of human beta cells. GFP-expressing cells were harvested and treated with a solution of 0.025% trypsin (Gibco) in PBS -containing 0.3 mmol/l EDTA for 6.5 min at 37°C (with occasional pipetting through a 1 ml plastic tip) to obtain a suspension of dissociated cells. The digestion was stopped by addition of CMRL medium complemented with 10 mmol/l nicotinamide. After washing once with the same medium, cells were resuspended in 1 ml of the medium and passed 30 times through a 1 ml plastic tip (blue plastic type "F2" from Semadeni Ostermundigen, Switzerland). Remaining debris and large aggregates were discarded by sedimentation and the cell concentration was adjusted to 0.5 to 1×10 6 cells/ml. Cells were kept at 4°C until cell sorting. Cells were sorted using a FACStar-Plus (Beckton Dickinson) with an argon laser beam tuned to 488 nm at 50 mW output with a 530±30 nm emission filter as described previously [10] . In biparametric plots, forward scatter (FSC) related to cell size. Presorting gates (side scatter (SSC) vs FSC) were set to exclude non-cellular debris and groups of more than one cell. Non-infected cells were used as a control and to set the sorting parameters such that the GFP quadrant in the biparametric plot (log fluorescence versus FSC) included less than 0.3% of control cells. Cells were sorted at a rate of 1500-2500 events per s using normal recovery mode. Cells were collected in 1.5 ml plastic microtubes carrying 1 ml of CMRL medium complemented with 10 mmol/l nicotinamide. After sorting, the cells were centrifuged at 2000 rpm for 10 min and resuspended either for culture (using the appropriate medium and cell concentration, see below) or in 300 µl of RNeasy RLT lysis buffer (Qiagen, Basel, Switzerland) complemented with 10 µl/ml β-mercaptoethanol/ for RNA extraction (see below).
Preparation of pancreatic fibroblasts. In order to prepare a stock of pancreatic fibroblastoid cells (that normally overgrow human islets in culture), human islets were placed in culture in 75 cm 2 surface area flasks using CMRL medium with 10% FCS. The medium was changed after a week and any floating islets/cells discarded. Once the cultures became confluent, they were passaged (trypsinized and diluted before reculturing) using standard techniques. There was progressive loss of insulin secretion to the culture medium with time, in keeping with the poor long-term survival of beta cells in culture and their overgrowth with fibroblastoid cells. After 3 weeks in culture, it was confirmed by immunofluorescence and infection with Ad-RIP-GFP that there were no longer any detectable insulin-containing beta cells. On this basis, the rapid rate of proliferation and the morphological aspect of the cells, this preparation was considered to be composed of fibroblastoid cells and is referred to as pancreatic fibroblasts for the purposes of this study.
Culture conditions. Sorted beta cells were washed once with culture medium with nicotinamide 10 mmol/l (when indicated) and gentamycin 100 µg/ml, and resuspended in this medium at a concentration of approximately 0.4×10 6 cells/ ml. The cell suspension was plated in non-adherent Petri dishes in 50 µl droplets, and incubated for 24 h at 37°C. For assessment of different culture media, cells were washed once and resuspended in the appropriate medium, containing 10% FCS, 1% glutamine (Merck, Darmstadt, Germany), 1% HEPES, penicillin and streptomycin (Sigma). When indicated, cells were seeded in 96-well plates pre-coated with specific ligands as noted in Results. The caspase inhibitor Z-VAD (FK009, Enzyme System Products, Livermore, Canada) was used at 20 µmol/l and was added to the cells for 24 h after cell sorting.
Extracellular matrices. Gelatine (2% solution, from bovine skin, Sigma), bovine fibronectin (5 µg/ml from Sigma) and human vitronectin (0.1 µg/ml from Sigma) were coated on Petri dishes and incubated at least 30 min, then washed twice with sterile water and dried under the hood [20] . Matrix from medium conditioned by 804G cells (the generous gift of Desmos, Calif., USA) was prepared and used as described previously [12] . For lawns of lysed cells, 5637 (human bladder carcinoma) cells were grown to confluency and then lysed by exposure for 3.5 min to sterile H 2 0 followed by two washes with PBS -. Petri dishes were stored at 4°C after air drying. Shortly before use, the dishes were washed once again and dried under the hood.
Evaluation of apoptosis.
Annexin V is a Ca ++ dependant phospholipid-binding protein with a high affinity for phosphatidylserine (PS) [21, 22] . In an early apoptotic state, PS is known to translocate from the inner to the outer leaflet of the plasma membrane. Thus annexin V tagged with Alexa 568 (Molecular Probes, Leiden, Netherlands) can be used to identify apoptotic cells as from the earliest stage of programmed cell death [22] .
To this end, beta cells were washed once with cold PBS and resuspended at a concentration of 10 6 cells/ml in annexin binding buffer (ABB) (140 mmol/l NaCl, 10 mmol/l Hepes, 2.5 mmol/l CaCl 2 , pH 7.4). 5 µl of annexin conjugate was added to each 100 µl of cell suspension. After 15 min of incubation at room temperature, the cell suspension was diluted fivefold and kept at 4°C until the labelled cells were analysed by fluorescence microscopy.
Later-phase apoptotic events were quantified using Cell Death Detection Elisa (Roche Biochemicals, Mannheim, Germany) for determination of cytoplasmic histone-associated-DNA-fragments (mono-and oligonucleosomes) in the cell lysate for apoptosis or in the supernatant for necrosis. This method allows for comparison of two cell preparations but does not provide any indication of the absolute incidence of apoptosis in either, and data for test conditions are presented relative to control subjects.
DNA fragmentation was assessed visually by the terminal deoxynucleotidyl transferase-mediated dUTP nick-end labelling technique (TUNEL) performed according to the manufacturer's instructions (In situ cell death detection kit, AP from Boehringer Mannheim, Germany). For TUNEL combined with immunostaining for insulin, dissociated cells were seeded as 50 µl droplets (20,000 cells/droplet) in the centre of 3 cm diameter Petri dishes carrying a lawn of lysed 5637 cells. Cells were fixed with 4% paraformaldehyde (20 min, room temp) followed by permeabilisation with 0.5% Triton X-100 (4 min, room temp). For insulin immunostaining, cells were incubated at 37°C for 30 min with guinea pig anti-insulin antiserum (1:50, Dako, Carpinteria, Calif., USA) followed by 30 min. incubation with fluorescein-conjugated rabbit anti-guinea pig antiserum (1:20, Dako).
RNA extraction, reverse transcription and semi-quantitative PCR.
RNA extraction was performed on purified beta cells, islets and human fibroblastoid cells grown in culture from human islets. RNA extraction was performed with the RNeasy mini kit (Qiagen, Basel, Switzerland) according to the standard protocol, using the lysis buffer (RLT buffer) for disruption and the QIA shredder column for homogenisation of the sample. RNA levels were assessed by measuring the O.D. (A 260 = 40 µg/ml). RT was performed on RNA using the Superscript II RNase H -Reverse transcriptase (Life technologies, Gibco). Equal amounts of RNA were used from each cell preparation. The quality of cDNA was controlled with a PCR for actin with the following primers: Forward: 5′ cccacaacgtgcccatttat 3′, Reverse: 5′ ttggcatacaggtccttcct 3′, giving a fragment of 411 basepairs in length.
Specific primers were designed with a high theoretic specificity for human integrin, according to the search in the Blast NCBI nucleotide and protein databases and verification in the Amplify 1.2 programme. The specific primers were:
α3 forward: 5′ agatgcgggcagccttcg 3′, reverse: 5′ gttttcatgccagactcacc 3′; α5 forward: 5′ agccaaagtctgcagttgcattt 3′, reverse: 5′ atgaagagggtatgtgtaaacaag 3′; α6 forward: 5′ tgagcacatattcgatgag 3′, reverse: 5′ cccacacgctgttttctgg 3′; α V forward: 5′ atgaaaatctggtagatcctat 3′, reverse: 5′ ttcctgtaacatcatgctattg 3′; β1 forward: 5′ gactattgaaatcaagcttat 3′, reverse: 5′ gttcttttatctaaggcttg 3′; β4 forward: 5′ accaactactcctatagctacta 3′, reverse: 5′ agacttcgtgtgcggacagt 3′.
For each set of primers, the signal from 5 different numbers of PCR cycles was quantified and compared using a cycle number within the linear (non-saturating) range for all cell preparations. Semi-quantitative RT PCR were performed from 23 to 38 or 26 to 41 PCR cycles, taking one sample every three cycles. A representative experiment is shown for β1 in Fig. 2 .
Static insulin secretion. Sorted beta cells were cultured in suspension for 24 h and either studied directly for insulin secretion or plated on lysed 5637 cells and cultured in CMRL containing 10 mmol/l nicotinamide for a further 6 days. Before the test incubation, the cells were washed with Krebs-RingerHepes buffer (KRB), 2.8 mmol/l glucose, 0.1% BSA. After 30 min of preincubation in KRB at this same glucose concentration, beta cells were incubated for 1 h at low glucose (2.8 mmol/l) followed by 1 h at high glucose (16.7 mmol/l), with or without the addition of 0.1 mmol/l IBMX and 5 µmol/l forskolin. Cellular insulin was extracted in acid ethanol. Samples were analysed by the Ultrasensitive Insulin ELISA from Mercodia (Uppsala, Sweden) following dilution to allow for measurement in the linear range of the assay.
Data analysis. Data are presented as means ± SEM and statistical significance was tested by Student's unpaired t-test where applicable. A p value of less than 0.05 was considered to be statistically significant.
Results
Effect of culture medium on morphological appearance and survival of purified beta cells in culture. Following infection by the adenovirus expressing GFP under the control of the rat insulin promoter (Adeno-RIP-GFP), fluorescent beta cells were sorted by FACS. The beta cells were allowed to recover overnight in non-adherent plastic dishes and then seeded on adherent plastic dishes using the following culture media (with 10% FCS): DMEM (16.7 or 25 mmol/l glucose); CMRL 1066 (5.5 mmol/l glucose); RPMI 1640 (11 mmol/l glucose); MCDB 104 (4 mmol/l glucose); F12/Ham (9 mmol/l glucose). Cell survival and the morphological aspect of the cells (and notably cellular "blebbing" as evidence of imminent cell death due to apoptosis) was observed over 15 days. According to these criteria, the most appropriate medium was seen to be CMRL 1066 (data not shown). This medium was used for all subsequent experiments.
Even when using CMRL medium, the purified beta cells failed to attach well to the plastic dishes and to spread with time in culture. Furthermore, the vast majority of cells died during the 15-day period. Unsorted cell preparations were used as control and established in culture at the same initial cell density. They showed only minimal signs of necrosis or apoptosis. Even without any additional coating of the plastic culture dishes, these cells adhered (data not shown). Under such conditions there was the expected overgrowth of fibroblastoid cells that rapidly filled the dishes.
When purified rat beta cells are seeded in 50 µl droplets at high cell density in plastic dishes not treated to promote adherence of mammalian cells (i.e. bacterial dishes), they typically aggregate spontaneously into small clusters. Interestingly enough, when the purified human beta cells were handled in this same way, there was little if any aggregation, suggesting that the panel of cell adhesion molecules needed for intercellular adhesion of human beta cells was missing.
Effect of adenovirus infection and expression of GFP on beta-cell apoptosis. The poor survival of the purified cells in culture could have been due to the sorting procedure employed, and most specifically either to infection with adenovirus in itself or to expression of GFP or both. The use of the insulin promoter to drive GFP expression could equally have been detrimental. To test this, dissociated islets were infected with adenovirus expressing GFP under control of the insulin promoter (RIP-GFP) or the CMV promoter (CMV -Fig. 1A, B . Effect of GFP expression and adenoviral infection on apoptosis of human beta cells: Human islets were partially dissociated and infected with adenovirus expressing GFP under the control of the insulin promoter (AdRIP-GFP) or the CMV promoter (AdCMV-GFP), by adenovirus expressing β-galactosidase driven by the CMV promoter (Adβ-gal) or were not infected (control). They were studied 4 days after infection. A apoptosis (open bars) and necrosis (black bars) measured by ELISA. Data are expressed as the "enrichment factor" for infected cells relative to non-infected cells (normalized to 1) (means ± SEM, n=4 observations from 2 independent experiments). None of the differences between test and control are statistically significant aside from the small decrease in apoptosis following infection with AdenoCMV-GFP (*p<0.05). B TUNEL combined with immunostaining. Results are expressed as the percentage of insulin-staining cells positive for TUNEL (means ± SEM, n=3). There were no statistically significant differences between groups GFP) or expressing β-galactosidase (CMV-βgal). Toxicity was assessed by ELISA (quantification of apoptosis and necrosis), surface binding of annexin V (a marker for apoptosis from its earliest stages) and TUNEL (to assess DNA fragmentation). The number of annexin positive cells was not increased following infection with any of the three viruses (not shown). Furthermore, there were no significant increases in apoptosis, as measured either by ELISA (Fig. 1A) or TUNEL (Fig. 1B) or necrosis (Fig. 1A) . The small but significant reduction in apoptosis observed following expression with the CMV-GFP adenovirus remains enigmatic but is not relevant to this study. It is concluded that the infection with adenovirus and expression of GFP in beta cells are not responsible directly for increased apoptosis in our experimental system.
Expression of integrins by human beta cells.
The expression of select integrin subunits was studied using a semi-quantitative RT-PCR in human islets, purified human beta cells and human pancreatic fibroblastoid cells (derived from such cells which had overgrown cultures of human islets). A representative experiment (for β1) is shown in Fig. 2 . In each instance, the bandintensity of the expected fragment was measured with increasing cycle number. For purposes of quantitative comparison between cell types, a cycle number was chosen that was within the linear amplification range for all three cDNA preparations (between 26 and 32 cycles in Fig. 2) . mRNAs for integrin subunits α3, α5, α6, αV and β1 were found in the three cell types, whereas β4 was detected in the fibroblastoid and islet cells but not in purified beta cells. When the relative expression of each of these subunits was compared between beta cells and fibroblastoid cells (Fig. 3) , it was found that α3, α5, α6 and β1 seemed to be expressed in slightly lower amounts in the purified beta cells. However, only α6 was seen to be significantly decreased (p<0.05).
Integrin β4 expression in islets was seen to increase with time in culture (Fig. 4) . Given the absence of detectable β4 expression in purified beta cells, this in- Effect of different matrices on beta-cell spreading and survival. Cells adhere and spread on an extracellular matrix by virtue of binding of cell surface integrins to their cognate proteins in the matrix. The identification of a discrete panel of integrins expressed by purified beta cells thus allowed for matching to their cognate extracellular matrix components with a view to improving cell attachment and spreading, as outlined in Table 1 . Beta cells were seeded in 96 well plates precoated with each of these matrices or matrix proteins and any impact on spreading and survival of purified beta cells documented ( Table 1 ). The only condition that did so was culture on a lawn of lysed human bladder carcinoma cells (5637 cells), known to deposit a matrix rich in laminins. On this matrix, the cells spread out after 24 h and survived up to two weeks. Interestingly, such was not the case on a matrix produced by a rat bladder carcinoma cell line (804G cells) and shown by us previously to promote the spreading of purified rat beta cells [12] . It remains to be established whether this was due to the different origin of matrix proteins.
Effect of antioxidants and caspase inhibitors on survival of human beta cells in culture.
Despite optimisation of the medium and substratum, even the human beta cells plated in CMRL on a lawn of lysed 5637 cells showed marked morphological evidence of apoptosis, and notably cellular blebbing (Fig. 5) . Apoptosis was confirmed by fluorescence staining of beta cells using annexin V labelling. The percentage of annexin V positive cells increased from 15.3±8.5% after 1 day in culture, to 61.5±0.7% after 10 days (means ± SD from two independent experiments). In order to protect the cells from necrosis or apoptosis, anti-apoptotic agents and antioxidants were added to the medium. To try to reduce apoptosis, Z-VAD, a caspase inhibitor, was added to the medium during the first 24 h of culture in suspension after cell sorting. When quantified by ELISA (for end-stage apoptosis and necrosis), Z-VAD decreased apoptosis by 40±9% (mean ± SEM, n=4; p<0.05). There was no apparent difference in annexin V coloration between the treated and the nontreated condition.
The antioxidants tested were nicotinamide (10 mmol/l), butylated hydroxyanisole (BHA, 100 µmol/l) and N-acetyl cysteine (NAC, 1 mmol/l). Of these, nicotinamide was the most effective in terms of the total number of viable cells remaining in the dishes after 10 days of culture (based upon counting a mean of 67.3 cells/field (range 28-146) in a total of 5 random fields).
Static insulin secretion from human purified beta cells. Insulin secretion was measured after maintaining the purified beta cells in culture for 1 or 6 days in CMRL medium with 10 mmol/l nicotinamide, with or without addition of 20 µmol/l Z-VAD for the first 24 h of culture. For measurement of static insulin secretion, cells were first pre-incubated in KRB-Hepes at 2.8 mmol/l glucose for 30 min followed by 1 h at 2.8 mmol/l glucose (basal) and then a second 1 h incubation at 16.7 mmol/l glucose with or without addition of IBMX/forskolin. The concentration of insulin (means ± SE, n=3) at the end of the 1 h basal period was 784±365 mU/L (control) compared with 927±668 mU/L (+ZVAD) after 1 day of culture and 507±412 compared with 267±140 respectively after 6 days. The large errors in these absolute concentrations reflect variability in cell numbers for the 3 independent experiments. In order to compare the regulation of insulin secretion with or without treatment with ZVAD, it was thus necessary to consider the fold-increase in secretion (stimulated vs basal) during the two sequential 1-h incubations. The cells failed to respond to high (16.7 mmol/l) glucose alone under any of the conditions studied. However, stimulation by 16.7 mmol/l glucose with elevated cAMP (0.1 mmol/l IBMX and 5 µmol/l forskolin) did elicit an increase in insulin secretion. Under these conditions, the foldincrease in secretion 1 day after cell sorting was 1.7±1.1 for the control condition and 2.4±1.0 for cells treated with the caspase inhibitor (means ± SEM, n=3; n.s.). After 6 days in culture, the fold-increase in insulin secretion was 1.6±0.5 for the control and 3.3±0.2 for cells treated with Z-VAD for the first day of culture (means SEM, n=3; p<0.05), suggesting that shortterm early exposure to the caspase inhibitor had continuing beneficial effects on cell function after its removal.
Recommended culture conditions for purified human beta cells. On the basis of the above experimental results, we propose the following method for maintaining purified human beta cells in culture. The cells should be cultured in CMRL 1066 medium, with 5.5 mmol/l glucose and 10% FCS, with 10 mmol/l nicotinamide present at all times. After 24-h of droplet culture in suspension to allow for recovery from the sorting procedure, cells are plated at a concentration of 20,000 cells/well in 300 µl medium in 96-well plates carrying a lawn of lyzed 5637 cells. To decrease apoptosis and improve cell function, Z-VAD is added for the first 24 h at a concentration of 20 µmol/l.
It is important to note that although these conditions do favour survival of sorted beta cells in culture over a 15-day period of study, a large number of cells still die with time, in keeping with the observation that apoptosis was reduced but not absent.
Discussion
Multiple approaches have been described to purify islet beta cells. The most common is based on cell sorting according to the autofluorescence of rat beta cells [23, 24] . Although most useful for the sorting of rat beta cells, this approach has not proved adequate for the effective purification of human beta cells and attempts to refine the method for this purpose [25] only resulted in a cell-population of 70-85% purity. Other methods have not proved any better [26] . More recently, using an adenoviral vector for beta-cell specific expression of GFP, a population of human beta cells of 95% purity was obtained [10] . This approach has opened the way to detailed studies on human beta cells without the results being confounded by the presence of islet non-beta cells. We have now applied the approach to the study of the survival of such cells in culture. We consider this an essential preliminary step towards the development of any stratagem for cellreplacement therapy of Type I (insulin-dependent) diabetes mellitus, by which insulin-producing cells, and by choice fully differentiated beta cells regardless of their derivation, will have to be maintained in culture before their implantation in patients.
It has been suggested by others that GFP is itself intrinsically toxic towards rat beta cells and other cell types [27, 28] . In this study, there was no evidence of increased apoptosis or necrosis of cells expressing GFP, regardless of whether expression was driven by the insulin or CMV promoter. Adenovirus expressing an unrelated protein (β-galactosidase) was also not seen to be toxic. It is thus concluded that in the present experimental setting, sorting human beta cells on the basis of GFP fluorescence is valid. The reason for others observing GFP-toxicity remains unclear. Differences between rat and human cells could be one explanation as could be differences in both experimental protocols and methods of analysis. Nonetheless, we are left to conclude that the poor survival of human beta cells once they have been sorted is not due to GFP.
It was immediately apparent that the purified human beta cells were peculiarly fragile in standard culture conditions. The morphological and biochemical evidence for apoptosis indicated that this was due in large part to activation of programmed cell-death pathway(s). The major focus of the study was thus an attempt to limit such activation by optimisation of the culture conditions with particular emphasis on the culture medium, ECM and inhibition of caspases.
The choice of culture medium has been shown to be important for the maintenance of insulin secretion in cultured islets from a variety of species, with CMRL 1066 being the best for human islets [29] . Because it was not apparent a priori that purified human beta cells would have the same demands as intact islets in this regard, a number of culture media were tested. We now confirm that CMRL 1066 is the best for these purified cells as well. Note that even when maintained in culture with this medium, and as discussed below, unlike intact human islets, the purified cells failed to display stimulated insulin secretion in response to glucose alone.
The role of integrins has been reported as crucial for maintenance of beta-cell viability and differentiation [13, 18, 30, 31, 32] . Studies from our own group have further demonstrated the specific role of integrins α3β1 and α6β1 on rat beta cells [12, 33] . Disruption of inter-islet cell contacts and purification of beta cells away from other cell types possibly contributing to the deposition of ECM components in islet cultures was considered to be a confounding factor in allowing the purified cells to thrive in culture. Until now, there has been no clear information regarding integrin expression on human islet cells aside from indirect data obtained from immunocytochemistry on isolated islets [17, 34] or the developing human pancreas [34] . In both instances, limiting resolution and sensitivity of immunocytochemistry made it difficult to ascertain which integrins were truly expressed by beta cells. We have now taken advantage of our access to purified human beta cells in order to identify some of the more important integrin subunits expressed by these cells. Given the small numbers of cells available and the fact that commercially available antibodies were not found to be reliable for quantitative evaluation of integrin expression on isolated cells (Ris et al, unpublished observation), we used semi-quantitative RT-PCR for this purpose. Based on previous work on rat beta cells [12] specific attention was paid to integrins α3, α5, α6, αV, β1 as well as β4. The data show unequivocal expression of mRNA for integrins α3, α5, α6, αV and β1 but not β4 in human beta cells. Expression of these integrins appears to be similar to that seen in fibroblasts derived from human islet preparations left in culture for prolonged periods. Strikingly, the β4 integrin subunit is not expressed in human beta cells but is so in the fibroblasts. As a consequence of such differential expression, combined with the rapid outgrowth over just a few days of fibroblasts, which inevitably contaminate all islet preparations, the expression of β4 in whole islet preparations increases with time in culture. We cannot, however, exclude that fibroblasts could in addition promote the expression of β4 on beta cells themselves. Integrin-ECM interactions can be predicted on the basis of the known binding characteristics of the integrin superfamily [35] . Initial attempts to promote human betacell attachment and spreading by coating dishes with purified proteins known to be cognate ligands for the integrins expressed in these cells (and notably fibronectin, vitronectin and gelatin) were unsuccessful. This suggested that a more complex array of ECM proteins would be needed for this purpose. Given our previous demonstration of excellent attachment and spreading of rat beta cells to ECM secreted by 804G (rat bladder carcinoma) cells [12] , we were surprised to discover that this particular ECM that is enriched in laminin 5 [36] failed to promote attachment and spreading of the human beta cells. Others have claimed that 804G matrix promotes proliferation of adult human islet cells [37] but the proliferating cell type was subsequently shown by another group to be ductal rather than endocrine [38] . The absence of nonbeta cells and their contribution to beta-cell survival in culture (possibly including deposition of ECM components which could compliment 804G components), could make the 804G matrix inappropriate for the purified human beta-cell preparation. Others had shown that the human counterpart of 804G cells, the human bladder carcinoma line 5637, was useful for formation of monolayers from intact human islets [39, 40] . It was found that the human beta cells did indeed attach and spread better on a lawn of lysed 5637 cells than on any other ECM tested, in keeping with the deposition by 5637 cells of laminins which should be bound by both α3β1 and α6β1 expressed on the beta cells. Conditioned medium from 5637 cells was not found adequate for this purpose.
Even with improved attachment and spreading of purified human beta cells to lysed 5637 cell-lawns, the survival of the cells was not much improved. There were signs of both necrosis and apoptosis. In order to limit oxidative stress, a known cause of necrosis, antioxidants were added to the culture medium. Only nicotinamide showed a beneficial effect on beta cell survival and after this initial observation, it was included systematically. In keeping with this observation, nicotinamide has been shown by others to maintain beta-cell differentiation [41] , enhance transcription of islet-specific genes [32] and inhibit poly (ADP-ribose) polymerase (PARP) involved in cell death [42] . There was still, however, morphological evidence for cell distress and widespread apoptosis after just a few days in culture, and this was born out by specific evidence for early and late apoptotic events. Others have shown that fetal islet cells suffer when cell-ECM contacts are disturbed [14] . It is thus entirely possible that 5637 cells provide only partial restoration of integrin signalling to the purified beta cells. These same authors showed the beneficial effects of including a caspase inhibitor (Z-VAD or FK009) in the culture medium. We confirm their finding, with Z-VAD decreasing apoptosis by 40%.
The results of this study are encouraging but by no means definitive. Survival of human beta cells in culture is certainly improved by following the protocol presented here and it is felt that this in itself is of value to the scientific community. Our results stress again the inherent difficulties encountered with working with human cells and the dramatic differences between rat and human beta cells. The latter survive well in culture even after purification by cell sorting and display a decent insulin secretory response to glucose [12, 23] . The human cells continued to die over time in culture even if this was reduced using the present, new protocol. Furthermore, insulin secretion could not be stimulated from these cells with glucose alone, but only in combination with higher cAMP. Even then, the fold-stimulation was modest compared with intact human islets. Clearly, other factors are playing a role. These could include noxious products of the beta cells themselves [43] or lack of positive/protective factors normally contributed by the non-beta cells of human isolated islets. These must now be addressed in further studies and appropriate intervention conceived to block entirely cell death and restore glucose-sensitivity. Targeted intervention in apoptotic and/or oxidative stress and inflammatory signalling pathways could be one such approach. Such methodology will also be essential, in our opinion, for obtaining the large numbers of highly differentiated insulin-secreting cells envisaged for cell replacement therapy [44] regardless of whether they have been derived by conditional immortalisation of beta cells [4, 5] , from adult [6] or embryonal [7, 8, 9] stem cells or by any other means for creating surrogate beta cells.
